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Hormone sensitivity to epinephrine or histamine of 
the adenylate cyclase system in pig skin is very labile to 
homogenization. We have developed a new adenylate 
cyclase receptor-mediated assay system with trypsin-
ized epidermal cells which are treated with hypotonic 
shock. This new assay system maintained the hormonal 
sensitivity, as both epinephrine and histamine clearly 
stimulated cyclic AMP production. Moreover, the Ka for 
each hormone on this system was similar to that obtained 
from the floating pig skin slice system. Receptor-aden-
ylate cyclase unit (coupling) in this assay system is 
therefore preserved as it occurs in intact tissue or cells. 
Because of the "leaky" nature of our preparation, phos-
phorylated compounds such as GTP and its analogue and 
N aF can penetrate the cell membrane and stimulate 
cyclic AMP production. In this system refractoriness is 
still maintained to subsequent stimulation by a receptor 
activator, and cholera toxin can be shown to dramati-
cally increase the activity of GTP on the GTP binding 
protein, presumably by preventing GTP hydrolysis. 
Intact tissues or floating skin slices respond to receptor 
stimulation by increasing their intracellular cyclic AMP con-
centrations. Such receptors include epinephrine, histamine, 
adenosine, and prostaglandins [1-3] . The receptor is joined to 
the catalytic adenylate cyclase enzyme by a nucleotide binding 
protein in the cell membrane [4] . Homogenization of mem-
branes results apparently in loss of coupling to the receptor 
units and therefore receptor-induced adenylate cyclase activity 
cannot be studied in homogenates. Single cells released by 
trypsin do retain receptor binding and adenylate cyclase acti-
vation, but again they do not respond to agents that act within 
t he cell membrane on the nucleotide regulatory protein such as 
GTP, GTP analogs, and NaF. In this communication, we 
describe a new adenylate cyclase assay system which retains its 
receptor-mediated adenylate cyclase activation. It also has an 
accessible nucleotide binding protein which responds to acti-
vation by GTP, GTP analogs, and cholera toxin (CT) as well 
as NaF. 
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Abbreviations: 
CT: cholera toxin 
EGTA: ethyleneglycol-bis-(/3-aminoethyl ether)-N,N ' -tetraacetic 
ac id 
Gpp[NH]p: guanylyl-{3,-y-imidodiphosphate 
Hepes: N-2-hydroxyethylpiperazine-N' -2-ethanesul fon ic acid 
IBMX: isobutylmethylxanthine 
Ka: association constant 
NAD: nicotinamide adenine dinucleotide 
NF: One NF unit is defined as the amount of trypsin which will 
digest 
N"-benzoyl-arginine ethyl ester to cause an increase in absorb-
ance at 253 nm of 0.001 per min at 25" C, pH 7.6. 
MATERIALS AND METHODS 
Pig skin slices were taken from t he dorsal region of pigs by a 
Castroviejo keratome at a depth of 0.3 mm. The slices were incubated 
with 0.025% trypsin (Calbiochem, sp act 3700 NF) containing 0.2% 
EDTA in Ca++ -free phosphate-buffered saline (pH adjusted at 6.8) for 
2.2 h at 4"C. 
The reaction was stopped by 15% fetal bovine serum (Microbiological 
Associates, Maryland) in Hanks' balanced salt solution a nd t he epider-
mis was detached from the dermis with tweezers. The epidermal sheets 
were teased with a syringe plunger top to make a cell suspension, which 
was then transferred to a Corning 50-ml centrifuge tube. After standing 
for 5 min, epidermal cells in t he upper 45-ml portion were collected 
into another centrifuge tube and centrifuged at 1500 rpm for 3 min. 
Packed cells were t hen exposed to a low osmolarity solution of 10 mM 
Tris- HCl (pH 7.5), 0.1 mM dithioerythreitol for 5 min at 4"C [5]. After 
the osmotic shock, buffer containing 250 mM sucrose, 1 mM MgClz, 0.1 
mM dithioerythreitol , and 10 mM Tris- HCl (pH 7.5) was added to the 
cells which were then centrifuged at 1500 rpm for 3 min and similarly 
washed twice by the centrifugation [5]. Finally the cell pellet was 
resuspended with the same buffer at a concentration of 50 million 
cells/ mi. The suspension was used immediate ly or it could also be 
quickly frozen in acetone dry ice and stored at -700C for use over the 
next 2 weeks. 
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For experiments to test refractoriness, cell preparation procedures 
were slight ly modified, i.e. , afte r washing trypsinized cells by cent rifu-
gation, t he cells were suspended in RPM! 1640 medium containing 2 
mM ATP and 15% fetal bovine serum. The cell suspension was divided 
into 4 groups: Group 1 was kept on ice, and Groups 2, 3, and 4 were 
incubated at 30"C and exposed to epinephrine or histamine (0, 5, and 
30 min). The reactions were stopped by the addition of cold RPM! 
1640 medium and tubes were immediate ly cent rifuged to collect the 
epidermal cells. The cells were made leaky by the addition of the low 
osmolarity solut ion,* and the adenylate cyclase activity of each group 
was assayed for activation (or reactivation) . 
Hormone sensitivity of t he leaky cell preparation was measured 
generally by incubating 1 million cells per tube with epinephrine or 
histamine for 20 min. Since t he preparat ion was leaky, GTP or its 
analog Gpp(NH)p was always added and t he cycl ic AMP in the total 
content of t he tube, but not in the cells, was assayed. Adenylate cyclase 
assays were performed in a final volume of 200 Ill. The reaction mixture 
conta ined 25 mM Hepes (pH 8.0) , 5 mM MgC12, 0.04 mM EGTA, 0.2 
mM isobutyl methylxanthine (IBMX), 0.2 mM ATP, 1.5- 2 ILCi/ assay 
(a-32P]ATP, 0.2 mM cyclic AMP, 1 mM phosphoenolpyruvate, and 20 
!Lg/ml pyruvate kinase. When CT wa added for the activation , nico-
tinamide adenine dinucleotide (NAD, 1.25 mM) , dithioerythreitol 
(DTE, 1 mM), and GTP (200 !LM) were a lso added to the mixture. After 
incubation at 37"C for 20 min, unless otherwise specified, reaction was 
stopped by the addi t ion of 200 Ill of 2% sodium dodecyl sulfate and the 
mixture was immediate ly boi led for 3 min. Subsequently, 50 11! of 
["H]cAMP (30,000 cpm) and 500 Ill of 10 mM imidazole buffer (pH 6.8) 
were added and the entire mixture was passed through Dowex 50 a nd 
alumina columns consecutively to isolate [a-32P]cAMP [6]. [32P]cAMP 
recoveries from t he consecut ive columns were 60- 80%. The hormone 
sensitivity varies from one preparation to another, but data wi t h the 
same cell preparation are always consistent (cf Tables I, II) . 
* With both the· skin slice system a nd t he epidermal suspension 
system without osmotic shock, neither GTP nor NaF stimulated cyclic 
AMP production. Only after exposure to the low osmolari ty solution 
did GTP and NaF stimulate cyclic AMP fo rmation (unpublished ob-
servation). The data imply that t he osmotic shock made the epidermal 
cell membrane permeable to phosphorylated compounds or salts which 
normally cannot pass through the cell wall. 
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FIG 1. Effects of GTP analog (Gpp(NH)p), CT, and control with 
varying numbers of epidermal cells. Preparation of epidermal cells and 
details of assay conditions are described in Materials and Methods. The 
concentrations of stimulators are: Gpp(NH)p, 100 J.lM (.0.--.0.); CT, 
100 1-'g/ml (0----0); and control (no addition) (0------0). Values shown 
represent a mean of triplicate determination. 
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FIG 2. Time courses of epinephrine plus GTP- and GTP-stimulated 
adenylate cyclase on epidermal cells. The concentrations of stimulators 
are: epinephrine, 50 I'M; GTP, 100 J.lM. Values shown represent a mean 
of triplicate determinations. e =epinephrine+ GTP; 0 = GTP. 
RESULTS 
Fig 1 shows the effect of various amounts of the leaky . 
epidermal cells on adenylate cyclase activity which was dem-
onstrated by the addition of either GTP analog or CT. Activity 
was apparently linear up to 1.5 million epidermal cells per assay 
and therefore, unless otherwise stated, 1 million cells were used 
for each assay in the subsequent experiments. Since with epi-
dermal membrane preparations the reaction was linear for a 
30-min period [7], a 30-min incubation time was used for this 
experiment. Both the GTP analog and CT activate the aden-
ylate cyclase system through a nucleotide regulatory protein 
but not through the receptor site .· To demonstrate the coupling 
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of receptor to the catalytic units, Fig 2 shows the time course 
of the effect of epinephrine stimulation in this system. The 
reaction was linear with time and GTP was used as a cofactor 
for the nucleotide regulatory protein. Since the reaction was 
linear for at least 20 min , this time was used in the subsequent 
epinephrine and histamine activation experiments. 
Fig 3 shows concentration effects of epinephrine and hista-
mine. Ka for epinephrine was about 1 x 10- 6 M and that for 
histamine about 1.5 x 10- 5 M in this system. With the floating 
skin system (intact tissue) Ka for epinephrine was about 7.7 X 
10- 7 M [1] and that for histamine about 6 X 10- 5 M [2]. The 
data imply that the receptor affinities to epinephrine and 
histamine in the leaky cell system are similar to those in the 
intact epidermal sheet system. 
As shown in Table I, these hormonal effects were inhibited 
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FIG 3. Epinephrine and histamine sensitivities on the "leaky" cell 
system. The axis of abscissa represents the concentration of epinephrine 
(0------0) or histamine (.0.--.0.) . All these assays contain GTP (100 
11M). Values shown represent a mean of triplicate determination. 
TABLE I. Effects of hormones and their antagonists 
Addition 
GTP (200 J.lM) 
GTP + epinephrine (100 11Ml 
GTP +epinephrine +propranolol (1 mM) 
GTP + histamine (100 J.lM) 
GTP + histamine+ metiamide (1 mM) 
GTP + epinephrine + histamine 
Adenylate cyclase activity 
(pmol cAMP formed/ million 
cells per 20 min) 
29 ± 0.3 
58± ~ .2 
8.5 + 1.0 
67 ± 1.0 
26 ± 0.8 
85 + 1.6 
Details of assay conditions are described in Materials and Methods. 
Values shown represent a mean± SE of quadruplicate determination. 
The test system requires the addition of GTP and thus the value for 
GTP addition was taken as a base. If no GTP is added, cyclic AMP 
values range from 1-3 pmolfmillion cells per 20 min. 
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by the specific antagonists propranolol (beta-adrenergic antag-
onist) and metiamide (histamine H 2 antagonist). However, the 
inhibition by propranolol (1 mM) depressed t he cyclic AMP 
production below the basal level (GTP only). This propranolol 
inhibition effect might be explained by t he fact that propranolol 
inhibited the nucleotide regulatory protein or catalytic unit in 
addition to its inhibition on the receptor (Table II). The pos-
sibili ty that the effect of propranolol was also due to the 
inhibition of endogenous epinephrine is unlikely because the 
degree of inhibition was too great and propranolol also clearly 
inhibited the activation by histamine (Table II). Also, Table I 
s hows that activation by epinephrine and histamine was addi-
tive, suggesting that t hese receptor adenylate cyclase units 
(systems) are independent. This observation is compatible with 
our previous study using floating sk in slices [3) . 
Refractoriness Experiment 
T aking advantage of t his assay system, we studied refracto-
riness to epinephrine and histamine in the epidermal cell (Fig 
4A,B). Epidermal ce ll suspensions were divided into 4 groups 
and exposed to either epinephrine or histamine for 0, 5, and 30 
min at 3o· c (groups 2, 3, and 4, respectively). A nontreated 
control was kept on ice throughout t he time period (group 1). 
After t hese refractory exposures, the cells were made leaky and 
the adenylate cyclase activity was assayed as described in 
Materials and Methods. 
Incubation at 3o•c for 30 min caused some inactivation of 
adenylate cyclase activity. However, despite t his inactivation 
both epinephrine and histamine stimulation appeared to re-
TABLE II.. Effect of propranolol on adenylate cyclase system 
Addit ion 
GTP (200 11M) 
GTP +propranolol (1 mM) 
GTP + epinephrine (100 11M) 
GTP + epinephrine + propranolol 
Gpp(NH)p (100 11M) 
Gpp(NH)p + propranolol 
GTP + histamine (100 11M) 
GTP + histamine + propranolol 
Adenylate cyclase activity 
(pmol cAMP formed/ million 
cells per 20 min ) 
9.4 ± 1.5 
3.5 ± 0.3 
15.8* 
2.9 ± 0.5 
61.3 ± 1.7 
27.6 ± 0.7 
20.4 ± 0.7 
4.7 ± 0.8 
Values shown represent a mean ± SE of triplicate determination 
except GTP + epinephrine (*an average of 2 tubes). 
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main intact. Therefore, t he reason for the inactivation was 
probably due to a partial inactivation of the nucleotide binding 
protein or catalytic unit but not of t he receptor sites. 
Fig 4A indicates that after the exposure of cells to ep ineph-
rine, the time-dependent loss of sensitivity to epinephrine is 
apparent whereas the response to histamine is unchanged. 
Similarly, Fig 4B shows specific refractoriness to histamine. In 
both experiments t he basal GTP activities have remained con-
stant: the fact suggests that the membrane change responsible 
for refractoriness is external to the linkage between receptor 
and the GTP regulatory protein. 
The specificity of refractoriness in this assay system was 
compatible with our previous data with the floating skin slice 
system [3). However, there is a marked difference in t he degree 
of refractoriness. Even a 30-min incubation with either hor-
mone could not completely abolish the stimulatory effect with 
the leaky cell system (Fig. 4A,B). With the floating skin slice 
system, t he second challenge to t he same hormone completely 
abolished t he stimulation. We thought that one of the reasons 
for t his discrepancy might be activation of phosphodiesterase 
in t he skin slices. In order to study this possibility, we added 
the phosphodiesterase inhibitor IBMX at the time of the second 
challenge with the floating skin slice system. This experiment 
clearly showed a moderate cyclic AMP accumulation (unpub-
lished data). Since the addition of IBMX to media alone had 
much less effect on t he cyclic AMP accumulation, this finding 
indicated that even with t he floating skin slice system there 
was at least some hormone effectiveness remaining after the 
apparent completion of refractoriness. Thus, observations of 
some, but not complete, refractoriness in both systems appear 
to be compatible. 
Cholera Toxin Experiment 
The CT experiment was not directly concerned with hormone 
sensitivity. We previously had reported that adenylate cyclase 
activation by CT required GTP [7). In general, GTP activates 
adenylate cyclase through t he nucleotide regulatory protein 
and this activation is terminated by GTP hydrolysis. Thus, t he 
hydrolysis-resistant GTP analog, Gpp(NH)p, instead of GTP 
activates adenylate cyclase permanently. One of the actions of 
CT is probably due to inhibition of GTP hydrolysis [8) . In fact, 
GTP with CT was more effective than GTP alone [7]. 
Fig 5 shows the effect of CT on the adenylate cyclase activity 
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. FIG 4 .. Refractoriness in t he " leaky" cell system. Preparations of t rypsinized epidermal ce lls a nd treatment of cells by hormones are described 
m_Matenals and Methods. A, After trypsinization, {/)epidermal cells were incubated at 4' C (no t reatment control) , {2) incubated without 
epmephrme for 30 min at 30' C (control), (3) incubated without epinephrine for 25 min, t hen with epinephrine for 5 min at 30' C and (4) 
incubated with epinephrine for 30 min at 30' C. B, Histamine (500 11M) replaced epinephrine. Other condi tions were the same as in (A). After 
(A_) or (f!) pretreatment to produce refractoriness, the epidermal cells were washed and tested for activation or reactivation by GTP (200 p.M) , 
epmephrme (50 11M), or h1stamme (500 11M). Values shown represent a mean± SE of trip licate determination. 
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at various concentrations of GTP with a constant concentra-
tion of Gpp(NH)p (10 J.LM), which is the maximal stimulation 
level by itself. In the absence of CT, GTP markedly inhibited 
the Gpp(NH)p-stimulated adenylate cyclase activity. This is 
probably due to the hydrolysis of GTP which has replaced 
Gpp(NH)p. Conversely, in the presence of CT this inhibition 
was not only prevented but also reversed (Fig 5). This finding 
supports the hypothesis that CT inhibits the hydrolysis of G TP. 
Furthermore, this reversal of inhibition, i.e., the activation of 
adenylate cyclase activity (up to 150%), suggests an additional 
role of CT such as a positive conformational modification of 
the GTP regulatory protein by CT. This suggestion led to the 
following experiment to examine the action of CT on skin 
slices, which are closer to an in vivo condition than are the 
homogenate and cell suspension systems. 
Fig 6 shows the effect of CT pretreatment on the floating 
skin slices. Briefly, the floating tissues were incubated with CT 
(0, 5, 25 J.Lg/ml) in Hanks' balanced salt solution for 2.5 h at 
37•c and adenylate cyclase activity was assayed after trypsin-
ization and preparation of leaky epidermal cells. The CT pre-
treatment markedly potentiated basal, GTP, and GTP plus 
epinephrine stimulated activity but did not potentiate 
Gpp(NH)p and NaF activity (Fig 6). For example, with 25 J.Lg/ 
ml CT pretreatment, basal, GTP, and GTP plus epinephrine 
stimulated activity was enhanced 8-fold, 5-fold, and 3-fold, 
respectively. This potentiation with CT pretreatment is much 
greater than in an homogenate assay system in which CT was 
added directly to the assay mixture [7] . On the other hand, the 
CT pretreatment greatly reduced NaF-stimulated activity and 
150 
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FIG 5 . The effect of CT on GTP inhibition against Gpp(NH)p- · 
stimulated adenylate cyclase. Cholera toxin was added directly to the 
assay mixture containing NAD (1.25 mM) and DTE (1 mM). The 
abscissa represents G TP concentration, and the ordinate % activity 
which compared with zero exogenous GTP of each CT concentration. 
The concentrations of CT are: 100 Jig/ml (X--X), 25 J.Lg/ml (0--
0), 5 J.Lg/ml (6--6), and 0 !Lg/ml (0-0). Adenylate cyclase activ-
ities (with 10 J.LM Gpp(NH)p and zero GTP) at CT concentrations of 
100, 25, 5, and 0 J.Lg/ml were 70, 66, 79, and llO pmol/million cells per 
20 min , respectively. Values shown represent an average of triplicate 
determination. 
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FIG 6. The effect of CT pretreatment of floa ting tissue. The con· 
centrations of CT pretreatment are: control (no CT) (0), 5 J.Lg/ml ( ~ ). 
and 25 J.Lg/ ml (l!!!l). The "leaky" cells were prepared after the pretreat-
ment and subjected to the following stimulations: basal (no activators); 
GTP, 100 J.LM; epinephrine, 50 J.LM; Gpp(NH)p, 100 J.LM ; and NaF, 10 
mM. Values shown represent an average± SE of triplicate determina· 
tion. 
had little influence on Gpp(NH)p activity. Also, it was not 
observed that NaF activity was inhibited by CT in the homog-
enate assay system [7]. These findings suggest that CT pre-
treatment of the floating tissue caused great modification of 
the nucleotide regulatory protein in the epidermal cells. 
DISCUSSION 
In preliminary experiments we investigated the effects of 
trypsin on the beta-adrenergic adenylate cyclase system of 
epidermal cells. Within the concentration range of 0.05- 0.8%, 
the incubation of skin slices with trypsin for 1 h at 37•C did 
not cause significant loss of epinephrine-stimulated cyclic AMP 
increase (data not shown) . Also, Gommans et a! (9] prepared 
human epidermal cell suspension by trypsinization which re-
tained this hormone sensitivity. Oye and Sutherland (10] and 
Neufeld et al [11] also independently reported that the beta-
adrenergic receptor was insensitive to trypsin. These findings 
suggest that a limited digestion by trypsin does not affect the 
beta-adrenergic adenylate cyclase system of intact cells. 
Hormone sensitivities of the adenylate cyclase system were 
lost during · homogenization [7], i.e., the receptor and other 
components of the adenylate cyclase system became uncoupled. 
We have developed a new in vitro adenylate cyclase assay 
system which maintains hormone sensitivities consistently. 
The characteristics of hormone sensitivities in this new system 
are apparently the same as those in intact tissue (see Figs 3, 
4). An advantage of this system is that one can measure pure 
epidermal adenylate cyclase activity because epidermis is sep-
arated from the dermis after trypsinization, and one can meas-
ure both epinephrine stimulation (receptor) and GTP or NaF 
stimulation (nucleotide binding protein) at the same time. 
In psoriasis lesions, epinephrine sensitivity was reported to 
be markedly decreased [12] but NaF stimulation was similar to 
normal [13] . However, these two stimulatory effects were sep-
arately assayed, i.e. , the former was assayed with skin slices 
and the latter with homogenates since the NaF cannot pene-
trate the intact membrane. Therefore, this new assay method 
may shed light on the mechanism(s) of the lack of response to 
epinephrine stimulation in psoriatic lesions. In general, since 
normal NaF stimulation indicates that the functions of the 
nucleotide binding protein and catalytic unit should be normal, 
the pathologic lesion may be at the receptor or uncoupling of 
the receptor and nucleotide binding protein(s) . Garte and Bel-
Sept. 1983 
man [14] reported t hat the tumor-promoter phorbol myristate 
acetate caused an uncoupling of beta-adrenergic receptor from 
adenylate cyclase in mouse epidermis. In order to examine the 
above two possibilities in psoriatic skin, it will be necessary to 
first measure the numbers of beta-adrenergic receptor sites to 
see whether t he lack of response is due to a loss of receptors 
and then to do coupling experiments to see whether the receptor 
is properly combined with the nucleotide binding protein using 
the leaky cell preparation. 
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Calcium-Mediated Changes in Related Malignant and Nonmalignant 
Mouse Epidermal Cell _Lines 
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Two epidermal cell lines of common ongm, one tu-
morigenic and the other not, have been grown in media 
of different Ca2 + concentrations (low: 0.07 mM; normal: 
1.4 mM; high: 10 mM). At normal Ca2 + levels, both cell 
lines had similar growth rates. The growth rates were 
reduced at both higher and lower Ca2 + concentrations, 
with greater inhibition of the tumorigenic than the non-
tumorigenic cells. At a given level of Ca2 +, the 2 cell 
lines could not be distinguished in their polyacrylamide 
gel patterns by protein staining, by (' 25l]concanavalin A 
reactivity, and by lactoperoxidase iodination. Changes 
in surface membrane proteins with Ca2 + concentrations 
were observed by lactoperoxidase iodination, whereas 
the other techniques, which measure total cell proteins 
or glycoproteins, showed no substantial variation. 
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Con-A: concanavalin A 
SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis 
Calcium is an important regulator of many cellular functions, 
among which are permeability, ion transport, motility, and 
fluidity. It is not understood how Ca2+ mediates so m any 
cellular processes. The calcium-binding protein calmodulin 
serves as an intracellular receptor that regulates enzymes in 
cyclic nucleotide metabolism [1]. Calcium a lso regulates trans-
glutaminase, a key enzyme in epidermal different iation [2]. 
Ca2+ has been shown to alter cell morphology [3,4], growth [5-
9], adhesion [10,11], membrane proteins [10,12,13], and differ-
entiation [4,14]. The t ightly controlled, low intracellular leve l 
of this ion suggests t hat the cell membrane is sensitive to 
changes in extracellular Ca2+ concentrations [8,15]. 
For a number of different cell lines, fibroblastic [5-8] and 
epithelial [9,16], it was reported t hat t he growth of nonmalig-
nant cells was inhibited at lowered Ca2+ levels (0.01- 0.1 mM) , 
whereas the growth of malignant cells was not. This criterion 
was proposed as an indicator of tumorigenicity [16,17]. Re-
cently, however, Swierenga and Auersperg [18] found that some 
malignant epithelial lines were unable to grow in low Ca2+ (0.02 
mM) . On the other hand, Yuspa et a l(19] observed that normal 
primary epidermal cells (as well as transformed cell lines de-
rived from t hem) grow unhindered in low Ca2+ (0.07 mM). 
There have been a few studies of cell growth in media of high 
Ca2+ concentration. For Chinese hamster lung cells, Gupta et 
a l [3] found that varying Ca2+ concentrations between 0.2 and 
10 mM did not have any effect on t he growth of the cells, but 
reported 20- 40% inhibition at 20 mM. Dulbecco and Elkington 
